ABSTRACT: Poly(ADP-ribose) polymerase-1 (PARP-1) is a molecular DNA damage sensor that catalyzes the synthesis of the complex biopolymer poly(ADP-ribose) (PAR) under consumption of NAD þ . PAR engages in fundamental cellular processes such as DNA metabolism and transcription and interacts noncovalently with specific binding proteins involved in DNA repair and regulation of chromatin structure. A factor implicated in DNA repair and chromatin organization is the DEK oncoprotein, an abundant and conserved constituent of metazoan chromatin, and the only member of its protein class. We have recently demonstrated that DEK, under stress conditions, is covalently modified with PAR by PARP-1, leading to a partial release of DEK into the cytoplasm. Additionally, we have also observed a noncovalent interaction between DEK and PAR, which we detail here. Using sequence alignment, we identify three functional PAR-binding sites in the DEK primary sequence and confirm their functionality in PAR binding studies. Furthermore, we show that the noncovalent binding to DEK is dependent on PAR chain length as revealed by an overlay blot technique and a PAR electrophoretic mobility shift assay. Intriguingly, DEK promotes the formation of a defined complex with a 54mer PAR (K D = 6 Â 10 -8 M), whereas no specific interaction is detected with a short PAR chain (18mer). In stark contrast to covalent poly(ADP-ribosyl)ation of DEK, the noncovalent interaction does not affect the overall ability of DEK to bind to DNA. Instead the noncovalent interaction interferes with subsequent DNAdependent multimerization activities of DEK, as seen in South-Western, electrophoretic mobility shift, topology, and aggregation assays. In particular, noncovalent attachment of PAR to DEK promotes the formation of DEK-DEK complexes by competing with DNA binding. This was seen by the reduced affinity of PAR-bound DEK for DNA templates in solution. Taken together, our findings deepen the molecular understanding of the DEK-PAR interplay and support the existence of a cellular "PAR code" represented by PAR chain length.
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Poly(ADP-ribosyl)ation is a dramatic posttranslational modification of proteins conducted by the superfamily of poly(ADPribose) polymerases (PARPs) (1, 2) . PARP-1 1 is the best understood member of this class of enzymes and is responsible for ∼90% of cellular poly(ADP-ribose) (PAR) formation after DNA damage (3) . PARP-1 is crucial for the maintenance of genomic stability and plays an important role during DNA repair, in particular, base excision repair (BER) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Binding to DNA strand breaks activates PARP-1, which catalyzes the transfer of ADP-ribose moieties onto acceptor proteins under the consumption of NAD þ . The PAR which is thus formed is a highly complex biopolymer and was shown to interact in a noncovalent fashion with various proteins involved in DNA damage checkpoint control and repair and most likely also influences other biological processes (6) . In turn, hydrolysis of PAR by the enzyme poly(ADP-ribose) glycohydrolase (PARG) also critically influences genomic stability and cellular survival (13, 14) . PAR binding is mediated by a consensus motif, which has been identified in crucial domains of many proteins and may therefore interfere with their respective functions (15) . Lately, a zinc-finger motif was described by Ahel and co-workers that displays specific PAR binding activity and is present in some DNA repair-associated proteins (16) . We recently showed that the well-known PARbinding protein p53, a tumor suppressor protein that functions in double-strand break repair (17) , exhibits a high binding affinity for PAR, with a K D in the low nanomolar range (18) . Noncovalent interaction between PAR and p53 has been demonstrated to inhibit both the sequence-specific and non-sequence-specific DNA binding of p53 in a PAR-dependent manner (19) . Importantly, several BER proteins harbor the PAR consensus motif, e.g., XRCC1, DNA ligase III, and DNA polymerase ε, underscoring the role of PAR in the spatiotemporal organization of BER (15, 20, 21) . Very recently, interplay of the protein kinase ATM, an early DNA damage sensor, and PAR has been described, indicating that rapid and transient PAR formation may directly or indirectly activate the ATM signaling pathway (22) .
Recently, we provided evidence that DEK, an abundant nonhistone chromosomal factor (23) , is a PARP-1 substrate implicated in the repair of DNA strand breaks, assigning DEK a function in the PAR-dependent maintenance of genomic stability (24) . Human DEK was initially discovered in a chimeric fusion protein with the nucleoporin CAN/NUP214 in a subset of patients with acute myeloid leukemia (AML) (25) . Overexpression of DEK mRNA and DEK protein has subsequently been identified in a growing number of aggressive human tumors (26) (27) (28) (29) . Furthermore, high levels of DEK support cell immortalization and inhibit both senescence and apoptosis (30, 31) , and DEK overexpression itself was shown recently to be sufficient for HRAS-driven epithelial hyperplasia induction and epithelial transformation, classifying it as a bona fide oncogene (32, 33) . We further demonstrated that DEK is a true oncoprotein and a potential target for chemotherapy in malignant melanoma (28) . Interestingly, DEK is also associated with several autoimmune disorders such as juvenile rheumatoid arthritis and systemic lupus erythematosus, thereby representing a major autoantigen (34) .
The amino acid (aa) sequence of human DEK (375 aa) harbors a nuclear localization sequence (NLS) and four highly acidic stretches, shown to have inhibitor of histone acetyltransferase activity (INHAT) in vitro (35) . DEK harbors two structurally and functionally distinct DNA-binding domains (36) (37) (38) (39) (40) . The central domain, spanning aa 87-187, represents an unprecedented form of the DNA-binding motif SAP box, which consists of two SAP folds, with each of these folds being able to independently interact with dsDNA and to stimulate DNA-dependent protein-protein interactions (36, 41, 42) . This domain mediates the characteristic DNA binding and folding feature of DEK, i.e., a predominantly structure-specific (four-way junction, supercoiled, distorted DNA) DNA binding activity, resulting in a general compaction of chromatin as well as DNA templates and the introduction of positive superhelical turns into closed circular DNA and chromatin templates in vitro (36, 38, 39, 42, 43) . Interestingly, a SAP domain has also been identified via a PSI-BLAST search in plant PARP-1 (44) . Similar to human DEK, PARP-1 is also capable of binding to unusual DNA structures such as cruciforms and loops (45, 46) . A second DNA-binding domain, located in the C-terminal region of DEK (aa 250-350), represents a winged-helix motif found in transcription factors of the E2F family and upon phosphorylation stimulates self-association of DEK molecules and/or other yet to be elucidated chromatin-associated factors (36, 37, 47) .
DEK has been linked to a variety of intracellular activities, as it has been implicated in DNA replication (43) and RNA processing (48) , as a positive (28, 49, 50) or negative (31, (51) (52) (53) (54) regulator of transcription, and as a participant in DNA doublestrand repair (24) . DEK is a target of a plethora of posttranslational modifications, and these most likely regulate or integrate its various intra-and extracellular activities. In fact, phosphorylation (24, 37, 55) , acetylation (56) , and poly(ADPribosyl)ation (24, 52) were shown to affect DEK's subcellular and subnuclear distribution and interaction partners. Strikingly, DEK shares several functional similarities with HMGB1 (high-mobility group B protein 1) (40), which is a known acceptor for covalent poly(ADP-ribosyl)ation (57) . Moreover, both PARP-1 and DEK have been detected in a HeLa cell chromatin fraction enriched for the variant histone macroH2A and were found to coreside on chromatin fragments released by micrococcal nuclease, underscoring their close connection (24, 58) . Furthermore, we showed that DEK not only is a target for covalent poly(ADP-ribosyl)ation but also binds PAR in a noncovalent fashion (24) . We have demonstrated that the binding affinity of PAR for specific proteins is very high and that this interaction is very selective with respect to PAR chain length and the binding partner (18) . Here, we identify specific PAR binding motifs within the DEK primary sequence and quantify this noncovalent interaction as a function of chain length. Moreover, we address the question of whether the noncovalent binding of PAR to DEK affects the well-described functional properties of DEK.
MATERIALS AND METHODS
Materials. Human PARP-1 was expressed in Sf9 insect cells and purified as described previously (18) . His-tagged full-length DEK and DEK fragments were also produced in insect cells and purified as previously described (36, 37) . It is important to note that recombinant DEK purified from the baculovirus system is highly phosphorylated. Throughout this work, recombinant His-DEK was used either in its phosphorylated form (Figures 1-3 ) or in its dephosphorylated form (after treatment with λ-phosphatase), for DNA binding studies (Figures 4-6 ). Phosphorylation moderately reduced the overall PAR binding capacity of DEK but did not interfere with the observed preferential binding selectivity of DEK for the long chain PAR polymer (see Figure 4A and Figure S2 of the Supporting Information). The DEK fragment of residues 68-226 was expressed and purified from Escherichia coli as previously described (42) and is therefore unphosphorylated (24, 37, 59) . DEK peptides 195-222, 158-181, and 99-119 were custom-synthesized by Coring System Diagnostix GmbH, and peptides 329-352 and 314-334 were synthesized using an Fmoc/tBu-based solid phase method. Affinitypurified polyclonal DEK antibodies were used as reported previously (24, 37) . Mouse monoclonal antibody 10H, which recognized PAR, was purified from the culture supernatant of 10H hybridoma cells (59) .
In Vitro PAR Synthesis and Purification. PAR was synthesized essentially as described previously (18) . Briefly, 150 nM human PARP-1 was incubated with 1 mM NAD þ , 1 mM DTT, 60 μg/mL histone H1, 60 μg/mL histone type IIa, and 50 μg/mL octameric "activator" oligonucleotide GGAATTCC in a total volume of 20 mL containing 1Â reaction buffer [100 mM Tris-HCl (pH 7.8) and 10 mM MgCl 2 ]. After 15 min, the PAR produced was precipitated by addition of 20 mL of 20% TCA, and the pellet was washed several times with ice-cold 99.8% ethanol. PAR was further purified according to the method of Malanga et al. (60) and finally precipitated with ethanol overnight.
Terminal Biotinylation and Neutravidin ELISA. PAR was dissolved in sodium acetate buffer (pH 5.5) containing 4 mM biocytin hydrazide and biotinylated under reductive amination conditions for 8 h as described previously (18) . Following dialysis and ethanol precipitation, the PAR concentration was determined using UV absorbance at 258 nm (61) . Successful terminal labeling of PAR chains was checked using a neutravidin ELISA.
Biotin-labeled PAR samples diluted in 50 mM NaHCO 3 (pH 7.5) were transferred to ELISA plates and incubated for 1 h at room temperature. Captured biotinylated PAR was detected with primary antibody 10H (4 μg/mL) in conjunction with a secondary peroxidase-conjugated anti-mouse IgG (DakoCytomation, 1:2000) and visualized in a Tecan GeniosPlus ELISA reader. A biotinylated PAR standard was synthesized in the presence of NAD þ and 6-biotin-17-NAD þ (15:1 ratio), resulting in the incorporation of biotinylated ADP-ribose units into the polymer (62) . An excess of unlabeled PAR served as a specificity control to rule out nonspecific PAR binding. In addition, terminal biotin labeling of PAR chains was assessed after electrophoretic separation and semidry blotting by incubation with streptavidin-POD (1:2000) .
HPLC Fractionation of Biotinylated PAR. Separation of biotinylated PAR was conducted on a Shimadzu LC-8A HPLC system equipped with a semipreparative DNA Pac PA100 column (DIONEX). PAR was eluted according to chain length using a multistep NaCl gradient in 25 mM Tris-HCl (pH 9.0) and collected manually after UV detection at 258 nm (18, 63) . Biotinlabeled ADP-ribose polymers were characterized on modified sequencing gels (64) and visualized using GELCODE Color silver stain (Pierce) as described previously (60) .
PAR Overlay Blot. Increasing amounts of recombinant DEK (1-50 pmol), histone H1 (1-20 pmol), and BSA and lysozyme (100 pmol each) were vacuum-aspirated onto a nitrocellulose membrane (Amersham Biosciences) using a slot-blot manifold (Schleicher & Schuell). To map the binding of PAR to specific DEK domains, His-tagged DEK fragments (15 pmol for the PAR overlay blot; 100 pmol for Coomassie staining) were separated by 15% SDS-PAGE and stained by Coomassie or transferred onto a nitrocellulose membrane by semidry blotting. Membranes were incubated with Trisbuffered saline and Tween 20 (TBS-T) containing 1 nmol (0.4 μM) of purified PAR for 1 h. Membranes were subsequently washed in TBS-T and 1 M NaCl and blocked with 5% (w/v) skim milk powder in TBS-T. Detection of bound PAR was performed using 10H antibodies and secondary antibodies (goat R-mouse/HRP). Bands were visualized in the FujiLAS1000 device using enhanced chemiluminescence, and blots were evaluated with AIDA (Raytest). Decreasing amounts of DEK peptides synthesized according to the alignment were slot-blotted onto a nitrocellulose membrane. After incubation with biotinylated PAR (50 nM), the membrane was treated with high-salt washes to disrupt nonspecific binding. Bound polymer was visualized using streptavidin-POD. (D) PAR binding analysis using His-tagged DEK fragments. The respective fragments (aa 68-226, aa 250-375, and aa 1-375) and BSA (BSA) as a negative control were subjected to 15% SDS-PAGE and visualized by Coomassie staining (100 pmol, left panel) or analyzed using a PAR overlay blot (15 pmol, right panel). After semidry blotting and incubation with free biotinylated PAR (0.4 μM), the bound polymer was visualized as described for panel A. The described 35 kDa breakdown product of wt-DEK is denoted with an arrow. An additional intermediate breakdown product, capable of PAR binding, is denoted with an asterisk. The scheme summarizes the putative (black) and experimentally confirmed (blue) PAR-binding domains in the DEK amino acid sequence (red boxes, acidic domains; orange, pseudo-SAP box; green, SAP box; black, nuclear localization sequence; light green, second DNA binding/multimerization domain).
Equimolar amounts of synthetic DEK peptides were dissolved in PBS and slot-blotted with the indicated concentrations onto a nitrocellulose membrane. After incubation with biotinylated PAR (50 nM in TBS-T), the membrane was washed three times with 1 M NaCl in TBS-T and blocked for 1 h in 5% skim milk powder in TBS-T. Subsequently, PAR binding was detected after incubation with streptavidin-POD (1:5000) in TBS-T for 1 h employing enhanced chemiluminescence.
To assess the binding of separated PAR chains to immobilized DEK, 15 pmol of recombinant protein was transferred onto nitrocellulose membranes using a slot-blot apparatus. The membranes were cut into strips and incubated with 500 pmol (0.25 μM) of the respective ADP-ribose fraction in TBS-T at 4°C overnight. After high-stringency wash steps in TBS-T and 1 M NaCl, strips were blocked and bound polymer was detected using 10H antibodies as described above. Biotinylated PAR was captured in the neutravidin-coated wells (left panel) and detected using PAR-specific antibodies (10H). B-PAR denotes the biotinylated PAR standard, with an end-labeled PAR sample using biocytin hydrazide (171, 86, and 17 pmol from left to right). The end-labeled PAR sample was also analyzed by a native 20% PAGE followed by semidry transfer on a nylon membrane. Biotinylated PAR chains were visualized by streptavidin-POD. (B and C) Interaction of size-fractionated PAR and DEK in solution. Biotin-labeled PAR of a defined chain length was incubated with increasing concentrations of DEK and subjected to native PAGE followed by semidry blotting. Bound polymer and free polymer were detected using streptavidin-POD. Free and complexed PAR is denoted with an arrow. In panel B, a minor cross contamination with PAR of a longer chain length is denoted with an asterisk. PAR Sequence Alignment. Putative PAR-binding sequences in DEK were aligned with the consensus PAR binding motif as reported previously (15) .
Avidin Affinity Purification of Biotinylated PAR. Endbiotinylated separated PAR chains were affinity-purified using SoftLink Soft Release Avidin Resin (Promega) before being used in EMSA studies. Briefly, biotinylated polymer was diluted to 2 mL in bind and wash (BW) buffer comprising 50 mM Tris-HCl (pH 8.0) and 50 mM NaCl and loaded onto the avidin column. After collection of the flow-through, the column was rinsed with 6 mL of BW buffer, and bound biotinylated PAR chains were gently eluted in 1 mL steps using a solution of 5 mM D-(þ)-biotin. The purification process was analyzed by native 20% PAGE, and end-labeled PAR was detected using streptavidin-POD and enhanced chemiluminescence. The concentration of affinitypurified PAR was assessed by native PAGE using a biotinylated 49mer DNA oligonucleotide (Invitrogen) as the standard.
PAR EMSA. To characterize PAR-protein complexes in solution, we developed a PAR EMSA (18) . Varying amounts of recombinant His-DEK were incubated in an appropriate volume of 10 mM Tris-HCl (pH 7.4) and 1 mM EDTA for 10 min at 25°C before affinity-purified PAR of a defined chain length (18mer and 54mer, respectively) was added. Complex formation was allowed to proceed for 20 min at 25°C until equilibrium was reached. Subsequently, the reaction mixture was supplemented with 10Â loading dye resulting in a final volume of 25 μL. The samples were subjected to native 5% PAGE for 2.5 h at 160 V to separate free and bound ADP-ribose polymer. Thereafter, samples were blotted onto a nylon membrane by semidry transfer at 20 V for 50 min followed by heat fixation at 90°C for 1 h. After being blocked with 2% BSA in TBS-T for 1 h, biotinylated ADPribose chains were detected by incubation with streptavidin-POD (1:2000 in blocking solution) for 1 h. Blots were visualized using a FujiLAS 1000 imager, and quantification was performed using AIDA. The shift (%) was determined as follows: (signal intensity of complexed PAR)/(signal intensity of complexed PAR þ signal intensity of free PAR). The data obtained were analyzed using GraphPad Prism 4, and K D values were calculated by using a sigmoidal dose-response curve with a variable slope. Curves were fitted using nonlinear regression (see Figure S5 of the Supporting Information).
EMSA, Topology, Aggregation Assay, and South-Western Analyses of Recombinant His-DEK. EMSA and topology assays were conducted as described previously (24, 36) . Recombinant His-DEK, purified from insect cells, was dephosphorylated with λ-phosphatase (New England Biolabs) prior to utilization. His-DEK was incubated with either unfractionated PAR or PAR of the indicated chain length and concentrations as specified The samples were then deproteinized by Proteinase K treatment, and the DNA was purified and analyzed by 0.8% agarose gel electrophoresis followed by SYBRGold staining: form I, supercoiled DNA; form II, relaxed DNA. (B) Two-dimensional topology assay. The DNA topology reaction was performed as described for panel A, and the deproteinized and purified DNA was separated by standard agarose gel electrophoresis in the first dimension (from top to bottom). Subsequently, the gel was incubated with 0.25 mg/mL chloroquine for 2 h and rotated by 90°, and after a run in the second dimension (from left to right), DNA was visualized by SYBRGold staining.
for the individual experiment for 20 min at room temperature prior to the start of the reaction. Individual samples were further supplemented with indicated PAR concentrations throughout the reactions. South-Western analyses were performed to investigate Phosphorylated (-PPase) or dephosphorylated (þPPase) His-DEK was incubated in the presence (right panels) or absence (left panels) of 600 nM unfractionated PAR and subjected to sedimentation analysis on 5 to 40% sucrose density gradients. Individual fractions of the gradients were analyzed by SDS-PAGE and immunoblotting for DEK (R-DEK) or the dot-blot method using PAR-specific antibodies (R-PAR).
DNA binding of DEK upon noncovalent PAR incubation and were conducted as described recently (37) . Briefly, indicated amounts of His-DEK were separated via 10% SDS-PAGE and blotted onto a nitrocellulose membrane. Individual lanes were cut into strips and incubated overnight in TBS-T with PAR at the indicated concentrations in a total volume of 2 mL. Following three wash steps with TBS-T containing 1 M NaCl, the strips were blocked with 5% skim milk powder in 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, and 1 mM EDTA for 1 h at room temperature. As a probe, HinfI-digested, endlabeled SV40 DNA was used. After incubation for 1 h, the individual strips were washed collectively five times with 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM DTT, and 1 mM EDTA and subjected to autoradiography followed by immunoblotting. Aggregation assays, a measure of DNA-dependent multimerization of SAP box proteins, were performed as reported previously (24), using PAR incubation procedures described above. Two-dimensional DNA topology assays were conducted to identify the orientation of supercoils introduced and were essentially performed as described previously (42) .
Sucrose Density Gradient Analysis. Sedimentation analysis of DEK was conducted as described previously (36, 37) . Briefly, 1500 ng (31 pmol) of recombinant His-DEK was either treated with λ-phosphatase (þPPase) or left untreated (-PPase). Both DEK preparations were subsequently incubated with 600 nM unfractionated PAR (in a total volume of 100 μL), or without PAR, for 30 min at room temperature and layered on top of a 5 to 40% sucrose density gradient [150 mM NaCl, 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 1 mM MgCl 2 , and 10 mM sodium bisulfite]. After centrifugation for 12 h at 36000 rpm (SW-41), the gradient was fractionated from the top in fractions containing 700 μL; 100 μL of each fraction was spotted onto a nitrocellulose membrane using a dot-blot apparatus and further subjected to immunoblotting using PAR-specific antibodies (10H). The remaining 600 μL was processed for SDS-PAGE and further analyzed by immunoblotting using DEK-specific antibodies.
RESULTS
Mapping of DEK Domains Involved in Noncovalent PAR Interaction. We have recently shown that DEK is covalently modified with PAR during apoptosis or genotoxic stress, and our initial data suggested that DEK is also capable of interacting in a noncovalent fashion with free PAR polymers (24) . To detail the specificity of the latter interaction, we used a slotblot approach. Increasing amounts of recombinant DEK and histone H1, a well-known PAR-binding protein, were transferred onto a nitrocellulose membrane followed by PAR incubation and high-salt washes. Immobilized DEK interacted with PAR in a concentration-dependent manner ( Figure 1A ). Histone H1, as expected, exhibited even stronger binding, whereas the negative controls BSA and lysozyme, which were supplied in excess, did not bind. To identify potential PAR interaction sites, the DEK peptide sequence was aligned with the PAR consensus binding motif (15) . Five putative PAR binding sites were identified (Figure 1B,D, bottom panel). Interestingly, two motifs (aa 99-119 and aa 158-181) are located in the major DNA binding domain (aa 87-187) of DEK and display a high degree of sequence homology to the established PAR-binding consensus motif ( Figure 1B , PAR consensus). Another candidate binding site is located C-terminally adjacent to the major DNA-binding domain (aa 195-222). Two motifs (aa 314-334 and aa 329-352) were found in the C-terminal part of DEK, overlapping with the second DNA-binding or multimerization domain. Prompted by the sequence alignment, we synthesized corresponding DEK peptides to test for functional PAR binding using overlay slot blots ( Figure 1C) . Strikingly, DEK peptide 195-222 showed a strong PAR signal in a concentration-dependent manner starting at 50 pmol of PAR. A slightly weaker signal was detected using peptide 158-181, and rather weak binding was observed for C-terminal peptide 329-352. Peptides 99-119 and 314-334 failed to bind, even at high PAR concentrations. To further verify our peptide-derived results, we subjected selected recombinant DEK fragments, produced in bacteria (aa 68-226) or insect cells (aa 250-375 and aa 1-375), to the same approach ( Figure 1D ). DEK fragment 68-226, which comprises the two PAR-binding sites revealed by the peptide approach, produced a very strong signal ( Figure 1D , 68-226, right panel). The second DEK fragment, 250-375 ( Figure 1D , 250-375, right panel), showed a lower affinity for PAR comparable to that of wt-DEK ( Figure 1D, 1-375 ). Wildtype DEK (wt-DEK) and fragment 250-375 were purified from insect cells and were therefore phosphorylated (see also Materials and Methods). We further compared PAR binding affinities of phosphorylated and dephosphorylated DEK and found an only slightly reduced overall PAR binding capacity for phosphorylated DEK (see Figure 4 A and Figure S2 of the Supporting Information). Another prominent band at ∼35 kDa was observed in the wt-DEK preparation, which corresponds to a previously described N-terminal degradation product (65) , and was visible in the protein staining of the individual protein preparations (Figure 1D , arrow). Additionally, an intermediate degradation product of unknown nature, present in the wt-DEK preparation, also bound efficiently to PAR ( Figure 1D, asterisk) . BSA failed to react with PAR ( Figure 1D, BSA) , underscoring the selectivity of this assay. Altogether, we have identified three functional PAR-binding sites in DEK by means of a peptide approach and confirmed the interaction using recombinant DEK fragments spanning the sites of interest.
DEK Exhibits a High Binding Affinity for Long PAR Chains. Having identified the regions for noncovalent PAR binding in the DEK molecule, we next investigated whether DEK exhibits any selectivity with respect to PAR chain length. Therefore, PAR was fractionated according to chain length by highresolution HPLC as described recently (18) , and the individual fractions were subsequently used in PAR overlay studies with purified recombinant DEK (Figure 2 ). For the sake of simplicity, five adjacent HPLC fractions were pooled, resulting in samples comprising approximately five distinct PAR chain lengths, i.e., 5-10, 11-15, etc. This was further verified by modified sequencing gel electrophoresis followed by silver staining (data not shown) of the pooled fractions. First, histone H1, known to exhibit chain-dependent PAR binding, was analyzed using the fractionated PAR preparations and clearly demonstrated chain length-dependent noncovalent interaction (Figure 2A ). Oligo-(ADP-ribose) molecules ranging from 5 to 10 units displayed weak affinity for histone H1, whereas longer polymers (starting with 15-19 units) or unfractionated PAR (1-y) was tightly Figure 2C ). To further validate this result, a PAR-specific EMSA approach using biotin-labeled polymers of defined sizes was used. First, specific end labeling of PAR was achieved by using a carbonyl-reactive biotin analogue, termed biocytin hydrazide, and was monitored by a neutravidin ELISA, which allows for the immobilization of biotinylated PAR chains. As a reference, a biotinylated standard (B-PAR) was synthesized in the presence of NAD þ and 6-biotin-17-NAD þ , leading to the incorporation of biotinylated ADP-ribose units into the growing polymer chain. As little as 2.9 pmol of this standard was readily detectable ( Figure 3A , left panel). Three different dilutions (171, 86, and 17 pmol) of end-biotinylated PAR samples were also applied and revealed biotin-coupled PAR in a concentration-dependent manner, whereas a 10-fold excess of unlabeled PAR displayed virtually no signal (data not shown). Additionally, efficient biotin labeling of these PAR polymers was confirmed by native PAGE and detection using streptavidin-POD ( Figure 3A, right panel) . End-labeled PAR was then separated by anion exchange HPLC according to chain length as described in Materials and Methods. Two PAR fractions (18mer and 54mer PAR) were selected and affinity-purified using a monomeric avidin column, and purification was monitored as described in Figure S1 of the Supporting Information. The concentration of the collected affinity-purified 18mer and 54mer PAR samples was determined in comparison with that a commercially available biotinylated 49mer oligonucleotide ( Figure S1 ).
The two biotin-labeled size-fractionated PAR samples were then used to assess the binding to recombinant DEK ( Figure 3B ). Short 18mer PAR (250 fmol) was incubated in triplicate in the presence or absence of increasing amounts of recombinant DEK (0-1 μM) under EMSA conditions. DEK failed to mediate the formation of a specific complex with the 18mer PAR. A faint, slowly migrating complex is visible, starting with 0.1 μM DEK, and is due to minor cross contaminations with longer PAR chains that were introduced during the affinity purification procedure ( Figure 3B, asterisk) . Furthermore, high DEK concentrations led to a reduction of the signal intensity of free 18mer PAR, most likely caused by low-affinity binding to DEK. This was confirmed by prolonged exposure of the blot, which revealed a nonspecific smear at higher DEK concentrations (data not shown). In contrast, DEK at a concentration of 70 nM bound ∼50% of the 54mer PAR and produced a defined, clearly identifiable, complex at concentrations starting with 100 nM DEK ( Figure 3C) . A DEK concentration of 200 nM also promoted the formation of a defined complex, which displayed a slightly reduced electrophoretic mobility as compared to incubation with 100 nM DEK. The signals were further quantitated densitometrically and revealed a strict dependency of PAR complex formation on DEK concentration ( Figure 3D ). The EMSA data obtained were subsequently used to calculate the K D value for the interaction of DEK with long PAR chains (see also Figure S5 of the Supporting Information). The K D value was in the low nanomolar range, indicative of high binding affinity (Table 1) . It is noteworthy that DEK exhibits a higher affinity for long ADP-ribose chains compared to p53 and XPA. Similar to XPA, DEK was not capable of producing a defined complex with short ADP-ribose molecules (18) .
Noncovalent PAR Modification Competitively Interferes with DNA in the Formation of DEK Multimers. We have recently reported that covalent poly(ADP-ribosyl)ation of DEK catalyzed by recombinant PARP-1 results in impaired general DNA binding, and, as a consequence, in the loss of DEK's supercoiling activity (24) . In addition, we observed that the presence of PAR covalently bound to DEK disrupts DEK's ability to bind DNA via the SAP box-triggered "mass binding" mechanism, as measured by impaired formation of large nucleoprotein complexes in aggregation assays (42) . As noted above, the recombinant His-DEK used in these experiments (Figures 1-3 ) was expressed in insect cells and purified in its phosphorylated form. As phosphorylation abolishes DEK's DNA binding activity (36, 37), we had to dephosphorylate His-DEK before studying the impact of PAR on DEK's DNA binding activity (see also Materials and Methods) (24, 36) . Consequently, we first tested if the phosphorylation status of DEK influences its ability to bind to unfractionated, short chain or long chain PAR polymers. Using PAR overlay blots as described above, we observed a moderately reduced overall PAR binding capacity in phosphorylated DEK samples. However, phosphorylation did not influence the preferential binding selectivity for long chain PAR polymers. This binding selectivity for long PAR chains was equally visible in both DEK species ( Figure 4A , R-PAR, and Figure S2 of the Supporting Information), thus validating the use of dephosphorylated DEK for further experiments.
First, we wanted to asses if PAR of various chain lengths alters the DNA binding properties of DEK. To discriminate between the direct interaction of DEK with DNA and its subsequent DNAdependent multimerization activities, we initially employed immobilized DEK in a South-Western approach. Interestingly, dephosphorylated DEK (þPPase) bound to P 32 -labeled DNA, regardless of prior incubation with unfractionated PAR, or PAR chains comprising 18 (PAR 18 ) or 53 (PAR 53 ) units ( Figure 4A , left panel), even at concentrations of up to 600 nM ( Figure S3 of the Supporting Information). As expected, phosphorylated DEK did not bind to DNA (24, 36, 37) but remained capable of interacting with PAR ( Figure 4A, right panel) .
Next, we assessed the influence of PAR on DEK's DNA binding in solution by standard EMSA techniques as previously described (36, 37) , now taking DEK's multimerization activity into consideration. Dephosphorylated His-DEK was incubated in the absence ( Figure 4B, lane 1, and lanes 3-6) or presence of increasing concentrations of PAR [0, 100, 200, 400 (data not shown), or 600 nM ( Figure 4B, lanes 7-10) ] and subjected to native agarose gel electrophoresis ( Figure 4B ). As expected, DEK readily bound to DNA, with a preference for supercoiled DNA at lower DEK concentrations (39) [compare the ratios of form I (supercoiled) and form II (relaxed) in lane 4] and formed very large nucleoprotein complexes at higher DEK concentrations (e.g., lane 6, arrow). The latter effect is due to its DNA-dependent multimerization activity and ability to promote the formation of inter-and intramolecular interactions between DNA strands (38, 39, 42, 43) . Pretreatment of DEK with unfractionated PAR (600 nM) did not influence the overall DNA binding activity but appeared to slightly weaken the preference for supercoiled DNA forms (compare lane 4 to lane 8, white arrows). PAR itself had no influence on the electrophoretic mobility of the utilized DNA ( Figure 4B, lane 2) .
We next wished to assess the impact of PAR binding on the ability of DEK to introduce positive supercoils into DNA templates. Therefore, we employed topology assays using negatively supercoiled Simian Virus 40 (SV40) DNA as a template (38) .To visualize DEK-induced topological changes to DNA, topoisomerase I (Topo I) is present in this assay. Control experiments excluded the influence of PAR on topoisomerase I function (data not shown and Figure 5B , þTopo I, þPAR), as Topo I harbors three noncovalent PAR binding sites (66) . As shown in Figure 5A , SV40 DNA is fully converted from its supercoiled form (form I) into the relaxed form (form II) in the presence of topoisomerase I (lane 2). Addition of increasing amounts of DEK resulted in well-defined, constrained DNA topoisomers ( Figure 5A, lanes 3-5) , reaching saturation at 800 ng of DEK (lane 5), which is indicated by a reduced intensity of supercoils in the lower part of the gel (compare lane 4 to lane 5) (38) . Preincubation of DEK with different concentrations of unfractionated PAR [ Figure 5A , 200 (lanes 6-8) or 600 nM PAR (lanes 9-11)] slightly affected this supercoilong activity, as no saturation was observed at the highest DEK concentration used (in Figure 5 A, compare lanes 5, 8, and 11, and see Figure S4 of the Supporting Information).
Full-length DEK induces positive supercoiling (38) ; however, Bohm et al. (42) have identified two domains in DEK (aa 68-87 and aa 187-208) that, upon deletion of either or both, result in a switch to negative DNA winding activity of DEK. Negative supercoils, as opposed to positive supercoils, favor local unwinding of the DNA double helix, thus facilitating processes such as transcription, DNA replication, and repair. Strikingly, the PAR binding motif with the strongest affinity identified [aa 195-222 ( Figure 1) ] overlaps with one of the switch domains. Noncovalent attachment of PAR could therefore modulate the function of this domain, possibly resulting in the negative supercoiling activity of DEK. To test for this hypothesis, we performed two-dimensional gel agarose electrophoresis ( Figure 5B ). As expected, incubation of SV40 DNA with DEK, followed by subsequent incubation with chloroquine in the second dimension, produced DNA topoisomers that migrate in a clockwise direction (positive supercoils, Figure 5B , þDEK, -PAR). This positive supercoiling activity of DEK was, however, not affected by the presence of PAR ( Figure 5B, þDEK, þPAR) . In summary, noncovalent interaction between PAR and DEK produces a subtle, negative effect on DEK's DNA binding activity. This negative effect becomes visible in solution assays (EMSA and topology assays). We considered that this may be evidence of a role for PAR in modulating DEK's self-interacting ability.
Therefore, we next employed an aggregation assay that allows us to measure this activity. We used this method, as described previously (42) , to test if PAR modifies affinities of DEK for DNA molecules of variable superhelicity. Partially relaxed SV40 DNA [comprising SV40 DNA topoisomers ranging from 25 (form I, highly supercoiled) to 0 supercoils (form II, relaxed)] was incubated with increasing concentrations of dephosphorylated DEK, either in the presence or in the absence of 600 nM PAR, followed by centrifugation of the formed nucleoprotein complexes. The recovered pellet fractions (corresponding to bound DNA present in large nucleoprotein complexes) were then analyzed by gel electrophoresis. As shown before, full-length DEK binds efficiently to a wide range of superhelical DNA forms using this assay ( Figure 6A,B, DEK) . In the presence of PAR, the binding affinity of DEK for DNA topoisomers of high superhelicity was strongly reduced ( Figure 6A,B, DEKþPAR) . Furthermore, less DNA was precipitated overall. The decreased level of precipitation suggested weaker DNA binding, and interference of PAR with DEK's DNA-dependent multimerization activity. To further support this interpretation, we performed density gradients as reported previously (36, 37) . Recombinant His-DEK, either phosphorylated ( Figure 6C , -PPase) or dephosphorylated ( Figure 6C, þPPAse) , was incubated in the presence or absence of 600 nM unfractionated PAR and subjected to sedimentation analysis. Surprisingly, PAR strongly augmented the formation of large DEK multimers beyond the phosphorylation-triggered multimerization activity ( Figure 6B , top panels, -PPase, R-DEK) (36) . This is underscored by the exclusive presence of PAR in the bottom fraction ( Figure 6B , top panels, R-PAR). Importantly, the reduced abundance of DEK molecules in the top fractions coincided with a PAR-dependent accumulation. These large PAR-bound DEK complexes in the bottom fraction of the gradient were also observed with dephosphorylated DEK, however to a lesser extent ( Figure 6B , lower panels, þPPase, R-DEK, R-PAR).
Taken together, the strong noncovalent interaction of PAR and DEK does not impair DEK's DNA binding per se; however, PAR seems to be able to replace DNA in catalyzing the formation of high-molecular mass DEK complexes.
DISCUSSION
In this study, we have dissected the noncovalent interaction of PAR, a complex biopolymer formed in response to genotoxic stress, and the oncoprotein DEK and studied its effect on DEK function. On the basis of our previous observation that DEK is capable of binding noncovalently to PAR, we set out to map the PAR-binding sites using a sequence alignment according to Pleschke et al. (15) in conjunction with PAR binding assays. This resulted in the identification of three functional PAR-binding sites within DEK's primary sequence, similar to the situation in tumor suppressor protein p53 (19) . The binding affinity of DEK for PAR was slightly weaker compared to that of histone H1, which is among the strongest PAR binders, as judged by a slot-blot assay. Using size-fractionated PAR, we then showed that DEK preferably binds to longer PAR chains, which was also found for XPA (18) , but differs from histone H1. The observed binding specificity was confirmed using a more sophisticated EMSA approach with size-fractionated, end-biotinylated PAR with a defined chain length. Long PAR molecules (54mer) produced a specific complex with DEK in a concentration-dependent manner, allowing for the determination of the K D value (6 Â 10 -8 M), which is in the low nanomolar range. This binding affinity is even higher than those determined previously for p53 and XPA (18) . Intriguingly, DEK was not capable of forming a defined complex with very short ADP-ribose molecules, which supports earlier observations that binding occurs as a function of chain length (18, 67, 68) . The biological role of PAR chain length was previously underscored by Yu and colleagues, who demonstrated that PAR, depending on its chain length, can function as a death signal, leading to caspase-independent cell death (69, 70) .
It is well-known that noncovalent PAR binding may modulate the function of its target proteins. On one hand, PAR can positively regulate the enzymatic properties of its binding partner, e.g., an increased DNA joining activity of DNA ligase III (20) or activation of ATM kinase (71) . On the other hand, PAR also negatively affects the function of other interacting proteins, e.g., PAR-mediated inhibition of the DNA binding activity of p53 (19) . This prompted us to study the effect of noncovalent PAR binding on DEK functions. Surprisingly, PAR concentrations of e600 nM did not influence the DNA binding of immobilized DEK, although an increase in negative charge might be expected to cause electrostatic repulsion and subsequent dissociation of DEK from DNA. Indeed, DEK can simultaneously bind PAR and DNA, as revealed by our South-Western blot experiments. This is in contrast to the covalent modification of DEK with PAR, which strongly inhibits its DNA binding activity (24) . By further dissecting DEK's DNA binding activities, we found subtle, yet reproducible, effects of noncovalent PAR modifications on DEK's DNA binding activity in solution. PAR interfered weakly, yet measurably, with DEK's supercoiling activity. This occurred without causing a switch in the orientation of DNA winding. In contrast, we have previously shown that covalently modified DEK completely lost its ability to alter DNA topology (24) . Importantly, we observed that PAR competitively suppressed DEK-DNA aggregation and, by promoting the selfinteraction of DEK molecules, reduced the affinity of DEK for supercoiled DNA forms. Interestingly, this effect on DEK's multimerization was particularly pronounced using phosphorylated DEK but was also clearly evident in dephosphorylated DEK samples. Therefore, we speculate that noncovalent attachment of PAR to DEK may have two possible functions in the cell: (1) to further augment self-interaction of phosphorylated DEK molecules, which have already detached from DNA, and (2) to competitively counteract DNA binding, by favoring PAR-dependent formation of DEK multimers.
This may represent a mechanism of how noncovalently attached PAR impinges on DEK's spreading along chromatin fibers in a competitive manner. This modulation could play a role during DNA repair, as PAR-bound DEK might dissociate from supercoiled DNA at the site of a DNA lesion to allow repair and/ or redistributes to adjacent sites of chromatin, where it may be stored in large complexes until the site of damage is cleared.
A growing body of evidence has linked the oncoprotein DEK to the DNA damage sensor PARP-1 and its product PAR, suggesting a functional interplay in PAR-dependent maintenance of genomic integrity and chromatin remodeling. Consistent with our findings described here and elsewhere (24) , in silico analysis based on a refined consensus sequence as reported by Pleschke et al. (15) has also confirmed DEK as part of the PAR interaction network (72) . Very recently, DEK was found in ecdysoneinduced puffs, i.e., a local loosening of polytene chromatin in Drosophila (73). Interestingly, PARP-1 is required for the formation of normal-sized puffs, and elevated PAR levels were detected in ecdysone-dependent puffs (74) . The chromatin relationship is further supported by the finding that both DEK and PARP-1 are present together in a chromatin fraction enriched for macrodomain-containing histone mH2A1.1 (58). Timinszky and colleagues recently reported that DEK, PARP-1, and mH2A1.1 are physically associated in HeLa cells and showed the PARmediated recruitment of mH2A1.1 to sites of laser-induced DNA damage, resulting in the modulation of chromatin structure (75) . Therefore, it is tempting to speculate that PARP-1, DEK, and mH2A1.1 act in concert to spatially modulate chromatin structure and that this functional interplay is mediated by PAR, which binds to DEK and mH2A1.1. This could also explain the rather limited effect of PAR binding on DEK function in vitro described here, since PAR may be rather involved in the local recruitment of DEK to sites of DNA lesions, as shown for scaffold protein XRCC-1 (21, 76) , or may induce its redistribution to surrounding chromatin regions.
In summary, our findings reveal DEK as a potent PAR-binding protein that shows differential binding to PAR as a function of chain length. This strong noncovalent interaction does not affect DNA binding of DEK per se but may modulate functions that depend on the formation of larger DEK-DEK complexes. This is exemplified here by the competitive PAR-dependent modulation of DEK's selectivity for supercoiled DNA, which could be critical during DNA repair processes. This study contributes to the molecular understanding of the DEK-PAR interplay and further supports the existence of a cellular "PAR code".
ACKNOWLEDGMENT
We thank Prof. A. Marx and Dr. R. Kranaster (University of Konstanz) for kindly providing the HPLC facility and for support with the large-scale HPLC fractionation of PAR, Prof. M. Przybylski (University of Konstanz) for his advice and support with the peptide synthesis, and Prof. M. Miwa and Prof. T. Sugimura (Tokyo, Japan) for kindly providing 10H hybridoma cells.
SUPPORTING INFORMATION AVAILABLE
Avidin chromatography of end-biotinylated 18mer or 54mer PAR ( Figure S1 ), PAR overlay blot using 100 nM PAR ( Figure S2 ), South-Western analysis ( Figure S3 ), magnified depiction of Figure 5A ( Figure S4) , and a graph depicting the determination of the K D value ( Figure S5 ). This material is available free of charge via the Internet at http://pubs.acs.org.
